The Antarctic psychrotrophic bacterium Pseudomonas syringae Lz4W has been used as a model system to identify genes that are required for growth at low temperature. Transposon mutagenesis was carried out to isolate mutant(s) of the bacterium that are defective for growth at 4Њ but normal at 22Њ. In one such cold-sensitive mutant (CS1), the transposon-disrupted gene was identified to be a homolog of the recD gene of several bacteria. Trans-complementation and freshly targeted gene disruption studies reconfirmed that the inactivation of the recD gene leads to a cold-sensitive phenotype. We cloned, sequenced, and analyzed ‫2.11ف‬ kbp of DNA from recD and its flanking region from the bacterium. recD was the last gene of a putative recCBD operon. The RecD ORF was 694 amino acids long and 40% identical (52% similar) to the Escherichia coli protein, and it could complement the E. coli recD mutation. The recD gene of E. coli, however, could not complement the cold-sensitive phenotype of the CS1 mutant. Interestingly, the CS1 strain showed greater sensitivity toward the DNA-damaging agents, mitomycin C and UV. The inactivation of recD in P. syringae also led to cell death and accumulation of DNA fragments of ‫03-52ف‬ kbp in size at low temperature (4Њ). We propose that during growth at a very low temperature the Antarctic P. syringae is subjected to DNA damage, which requires direct participation of a unique RecD function. Additional results suggest that a truncated recD encoding the N-terminal segment of (1-576) amino acids is sufficient to support growth of P. syringae at low temperature.
B
ACTERIA growing at low temperature are generally genes that are essential for growth of psychrotrophic grouped into two categories, psychrotrophs and psybacteria at low temperature. A few genes that might chrophiles, both having the ability to grow at zero and be important for low-temperature growth have been subzero temperatures (Morita 1975) . The psychrophiles identified mostly from mesophilic bacteria. These inhave an optimal growth temperature below 15Њ and an clude rbfA (encoding ribosome-associated factor) and upper limit of ‫02ف‬Њ. The psychrotrophs on the other csdA (encoding DEAD-box helicase) and the genes for hand generally grow optimally at temperatures between the CspA family of proteins (Thieringer et al. 1998 ), 20Њ and 25Њ with an upper limit of 30Њ. These bacteria are pnp (encoding the polynucleotide phosphorylase that of particular importance in the global ecology since is involved in RNA degradation) (Luttinger et al. 1996) , Ͼ80% of the Earth's biosphere is permanently or seahns (encoding DNA-binding histone-like nucleoid prosonally subjected to temperatures Ͻ5Њ. Despite constitein) (Dersch et al. 1994) , and bipA (encoding ribotuting the predominant bacterial population on our some-associated GTPase) (Pfennig and Flower 2001) . planet, the unique features that enable these bacteria to
The disruption of the pnp gene was found to confer cope with such low temperatures are poorly understood cold sensitivity both in the mesophilic Escherichia coli (Gounot 1991; Ray et al. 1998 ; Hebraud and Potier and Bacillus subtilis (Luttinger et al. 1996) and in the 1999). We are using an Antarctic psychrotrophic bactepsychrotrophic Yersinia enterocolitica (Goverde et al. 1998) . rium Pseudomonas syringae Lz4W as a model system to In the psychrotrophic Listeria monocytogenes, failure to understand the molecular basis of cold adaptation (Ray produce the oligopeptide-binding protein, OppA, reet al. 1994a OppA, reet al. ,b, 1998 Kannan et al. 1998; Uma et al. 1999;  sulted in cold sensitivity (Borezee et al. 2000) . Due to Janiyani and Ray 2002; Seshukumar et al. 2002) .
the lack of information from any highly cold-adapted Little information exists at present regarding the bacteria, we took a genetic approach to identify gene(s) that are essential for growth at lower temperature in the Antarctic bacterium P. syringae Lz4W (Shivaji et al. 1 These authors contributed equally to this work. RecD of this psychrotroph might have a vital role in DNA dium was supplemented with ampicillin (100 g ml Ϫ1 ), kanarepair, especially during growth at low temperature.
mycin (50 g ml Ϫ1 ), or tetracycline (20 g ml Ϫ1 ) for E. coli. For P. syringae, the ABM was supplemented with tetracycline (30 g ml Ϫ1 ), carbenicillin (1000 g ml Ϫ1 ), rifampicin (100 g MATERIALS AND METHODS ml Ϫ1 ), or kanamycin (50 g ml Ϫ1 ), when required. For determination of generation time, the bacterial cells Bacterial strains, plasmids, and growth conditions: The bacterial strains and plasmids used in this study are listed in from overnight culture were inoculated into fresh medium at a dilution of 1:100, and the optical density of the cultures at Table 1. The psychrotrophic P. syringae L z4W was isolated from a soil sample of Schirmacher Oasis, Antarctica (Shivaji et al. 600 nm (OD 600 ) was measured at various time intervals. Recombinant DNA methods: General molecular biology tech-1989) and routinely grown at 22Њ or 4Њ (for high and low temperatures, respectively) in Antarctic bacterial medium (ABM) niques including isolation of genomic DNA, cloning, Southern hybridization, polymerase chain reaction (PCR), etc., were the probe from the 3Ј end of the recD gene (derived from the plasmid pBB3), was cloned in pBluescript SK (designated as performed as described by Sambrook et al. (1989) . Plasmids were introduced into P. syringae either by electroporation or pRD2.4). The recD sequence on insertion of the plasmid pRD2.4 overlapped with the sequences derived from pBB3 by conjugation. The electroporation was carried out with a 40 l cell suspension, using a BTX electroporator at 15 kV cm Ϫ1 and pXC6.6 of CS1. Altogether, the DNA sequence of the recD region from P. syringae was initially determined and assembled (25 F and 186 ohm). The conjugal transfer of plasmid into P. syringae was carried out by a biparental mating method using from the plasmids pXC6.6, pRD2.4, pBB3, and pSS1, which together spanned a region of ‫9ف‬ kbp of the DNA segment the E. coli strain S17-1, as described (Simon et al. 1983) . Transconjugants were selected by their resistance to approcontaining the incomplete recC gene. However, with the availability of genome sequences from different Pseudomonas priate antibiotics.
Pulsed-field gel electrophoresis: Conditions for pulsed-field sp., the 5Ј end upstream of recC was amplified from genomic DNA with the help of primers composing the 3Ј end of the gel electrophoresis (PFGE) were as described (Thoms and Wackernagel 1998; Handa and Kobayashi 2003) with modiflanking 5S rRNA gene (FP: 5Ј-GTAGGTCATCGTCAAGA-3Ј) and the recC-specific primer (RP: 5Ј-GGCTTCACGTACTAC fications. Typically, bacterial cells were harvested when the cultures reached an OD 600 of ‫6.0ف‬ and embedded in 1%
LGT GG-3Ј), cloned, and sequenced. Altogether, an ‫-2.11ف‬kb DNA segment from the recD region of P. syringae L z4W was characagarose (FMC Bioproducts, Rockland, ME) blocks, each block containing ‫01ف‬
7
-10 8 cells. Electrophoresis was performed terized by a combination of PCR-based amplification and cloning of overlapping restriction fragments, which span the rewith the CHEF-DRII System (Bio-Rad, Hercules, CA) at a constant voltage (180 V) and increasing pulse time of 5-35 sec gion ( Figure 1A ). Genetic complementation analysis: For complementation over a period of 16 hr at 14Њ. Molecular size markers used were concatemers of DNA, yeast chromosomes, and DNA analysis, the recD gene of P. syringae was cloned as a 3.8-kbp KpnI fragment in a broad-host-range plasmid vector, pGL10 HindIII digests (New England Biolabs, Beverly, MA).
DNA sequence analysis: Sequencing reactions were carried (Bidle and Bartlett 1999) . The resulting plasmid (pGR5) was transferred into the cold-sensitive strain CS1 by conjugaout using double-stranded plasmid DNA as templates and the ABI PRISM Dye terminator cycle sequencing method (Perkintion. Genetic complementation was also carried out with another plasmid, pGOR2, which contained the recD gene on Elmer, Norwalk, CT) and analyzed on an automated DNA sequencer (ABI model 377). Analyses of DNA sequences were a 2.0-kbp PCR-amplified DNA from P. syringae, without any downstream region. performed with BLAST (Altschul et al. 1997 ) and other programs available on the web server (http:/ /www.ncbi.nlm.nih.
Directed disruption of recD in wild-type P. syringae : Directed disruption of the recD gene in a wild-type background was gov/). The nucleotide sequence of the P. syringae recD gene was deposited in the GenBank/EMBL database (accession no.
carried out with the nonreplicative plasmid (pBluescript SK) containing DNA fragments internal to the recD gene of P. syrin-AY078390).
Transposon mutagenesis and isolation of cold-sensitive mugae and a tetracycline (Tc) resistance cassette within the DNA fragment. Two such disruption plasmid vectors, pDD1 and tants: Mutagenesis of P. syringae was carried out with a Tn 5-transposon-based suicide plasmid vector (pOT182), as described pDD2, were generated in the present study. For construction of pDD1, an 837-bp internal Sma I fragment from the 3Ј end earlier (Merriman and Lamont 1993) . Briefly, a rifampicinresistant mutant (R5) of P. syringae was used as a recipient for of the recD gene was cut out from pRD2.4 and cloned into the Eco RV site of pBlueScript SK to generate pSm08. Then, conjugation with the donor strain E. coli S17-1 (pOT182). The transconjugants were selected on ABM-agar supplemented with a 2.4-kbp Tc cassette was cloned into the internal Eco RV site of pSm08 to generate pDD1. For construction of the disruption rifampicin (100 g ml
Ϫ1
) and tetracycline (30 g ml Ϫ1 ) as described (Kannan et al. 1998) . For isolation of the cold-sensitive vector pDD2 a 754-bp HincII internal fragment from the 5Ј end of the recD gene was initially cloned into the Sma I site of mutants, the transconjugants were patched in duplicates on ABM-agar plus rifampicin; one set was incubated at 22Њ and pBluescript SK to create pHc07. This was followed by cloning of the Tc cassette into the Sma I site of the HincII fragment. the other at 4Њ. Cold-sensitive mutants were identified by their inability to grow on the plates incubated at 4Њ for 15 days.
The plasmids, pDD1 and pDD2, were introduced separately into wild-type P. syringae by electroporation, and the mutants Wild type grows within 2-3 days on ABM-agar plates at 4Њ.
Cloning of the Tn5 insertion site from CS1 and the recD with chromosomal integrants were selected by plating them onto ABM-agar supplemented with tetracycline. The recDregion from P. syringae : The region flanking the Tn5 insertion in CS1 (Figure 1 ) was cloned by plasmid rescue, utilizing the disrupted strains generated by homologous recombination of pDD1 and pDD2 into the genomes ( Figure 1C ) were desigself-cloning property of Tn5-OT182 (Merriman and Lamont 1993) . Briefly, genomic DNA from the CS1 strain was digested nated as LDD11 and LDD22, respectively. The site of integration of the tetracycline cassette was confirmed by Southern with Sal I and self-ligated to rescue the plasmid pSS1, which contained the IS50L proximal region of transposon on the geand PCR analyses. A 32 P-labeled 0.837-kbp Sma I DNA fragment from the recD gene of P. syringae was used as a probe for Southern nome. A similar self-cloning strategy using ClaI was employed to clone the IS50R proximal sequence of Tn5 from the muhybridization. For PCR analyses of LDD11-and LDD22-related disruptions, primer sets were: 5Ј-CGTTT GCCGCTGGACGT tant on the plasmid pCSC. A Tn5-specific outwardly directed primer (5Ј-ACTTGTGTATAAGAGTCAG-3Ј) was initially used GCTGGTG-3Ј and 5Ј-CACCGTTTCCACATCATTGAGGCG-3Ј and 5Ј-CGGGATCCGAGTCGTTCATTTGCCGAG-3Ј and 5Ј-to obtain the DNA sequence flanking IS50L, which led to identification of the transposon-disrupted recD gene. Subse-TTGCAGACTGATGGACTCG GTCAA-3Ј, respectively.
-phage plaque size assay : The ability of the recD homolog of quently, subclones were generated from the inserts of the above plasmids in pBluescript SK for various analyses. For P. syringae to complement the recD mutation of E. coli (MC4100 recD ::Tn10 ) was determined by plaque size assay of the mutant example, a 3-kbp DNA fragment from the BamHI-digested pSS1 was subcloned to generate pBB3 for characterization of -phage MMS805 (red Ϫ gam Ϫ ) on an agar plate using a published method (Chaussee et al. 1999) . The E. coli strain MC4100 the 3Ј end of the recD gene and its downstream sequence. The Xho I-Cla I fragment from pCSC was subcloned in pBluescript recD ::Tn10 was constructed by P1 transduction of the mutation from E. coli CAG12135 (Jensen 1993). The diameters of plaques SK to generate the pXC6.6 for DNA sequence analysis.
To characterize the recD region from the wild-type strain of were measured using a microscope (Wild M3Z; Heerbrugg, Switzerland) fitted with an occulometer in the eyepiece. The data P. syringae, a 2.4-kbp DNA fragment, which was positive for The growth at 4Њ was monitored by measuring turbidity at OD 600 . R5, rifampicin-resistant parent strain of P. syringae ; CS1, recD-disrupted mutant of R5. The growth profiles of CS1 with pGR5 containing the recD gene of P. syringae and the empty plasmid vector (pGL10) are also indicated. (C) Southern analysis of the recD-disrupted strain CS1. The EcoRV-and Sal I-(that cuts only once within the transposon) digested genomic DNAs from the parent strain R5 (lanes 1 and 3) and the mutant strain CS1 (lanes 2 and 4) were hybridized with a 32 P-labeled transposase gene (tnp )-specific probe and analyzed.
were presented as the mean diameter (millimeters) Ϯ SEM.
Assays for cell death: Cell death upon transfer to low temperature was monitored by spreading appropriately diluted A minimum of 100 plaques from each plate were measured. MMS805 (red Ϫ gam Ϫ ) was kindly provided by Frank Stahl cultures of the P. syringae strains on ABM-agar plates and incubating the plates at 4Њ for different periods. On different (University of Oregon).
Determination of efficiency of plating of T4 2 Ϫ phages: The days, two to three plates were taken out from 4Њ, incubated at 22Њ for growth, and the colonies (CFU) on plates were counted efficiency of plating (EOP) of T4 2 Ϫ phages in E. coli strains V66 (argA21 hisG4 rec F 143 met rspL31 gal K 2 xyl-5 Ϫ F Ϫ ) and V222
to determine the number of surviving cells. The CFU at 22Њ on day zero was taken as 100%. Cells were also microscopic-(V66 with recD 1013 argA::Tn10) was determined as described (Amundsen et al. 2002) . The E. coli strains and phage stocks ally examined by staining with DAPI (5 g ml Ϫ1 ), or with the LIVE/DEAD BacLight bacterial viability kit (Molecular were received from Gerald Smith's laboratory (Fred Hutchinson Cancer Research Center, Seattle).
Probes, Eugene, OR), using a fluorescent microscope (Carl Zeiss, Germany) with appropriate filters. The kit utilizes mixAssay for sensitivity to UV and mitomycin C : UV sensitivity was determined by spreading an appropriate dilution of the tures of SYTO 9 and propidium iodide as nucleic acid-binding fluorescent stains. When used alone, the S Y TO 9 generally wild-type and CS1 strains onto ABM-agar plates and exposing them to UV (20 J m Ϫ2 ). The plates were incubated at 22Њ in labels all bacteria in a population with intact or damaged membranes, like DAPI. In contrast, propidium iodide (PI) penethe dark by wrapping them with aluminum foil. The number of colonies developed on unirradiated plates was taken as trates only bacteria with damaged membranes (dead cells), causing a reduction in the S Y TO 9 fluorescence when both 100% for calculation of survivability. Sensitivity to mitomycin C was determined by spreading appropriate dilutions of the dyes are present. Thus, live and dead cells (green and red fluorescing, respectively) can be distinguished in a population. cell culture in log phase (OD 600 ‫ف‬ 0.5) onto ABM-agar plates supplemented with various concentrations of mitomycin C Cell size was measured from phase contrast images using a axiovision ver. 3.1 software provided with the Zeiss microscope and counting the number of colonies (CFU) appearing on the plates. The viable count on plates containing no mitomycin (Axioplan 2 imaging). A minimum of 200 cells from ‫02-01ف‬ visual fields were used for the calculation of cell size. C was taken as 100%. Essential Role of recD Other methods: SDS-PAGE and transfer of proteins onto recCBD operon. At the upstream of recC was the gene PVDF membrane for Western analyses were carried out as for 5S rRNA of a putative rRNA operon, similar to the described (Sambrook et al. 1989) , using a semidry blotting gene organization observed in the plant pathogen apparatus (Bio-Rad). The protein blots were probed with E. coli P. syringae pv. tomato (Buell et al. 2003) . The intergenic RecD-specific monoclonal antibody (kindly carried out by Susan Amundsen, Fred Hutchinson Cancer Research Center). distance between the end of the transcription termination signal of the rRNA operon and the "ATG" start codon of the recC gene was 245 bp. A putative promoter RESULTS with a Ϫ10 site (TGATAA) and a Ϫ35 site (AATACT) was identified within the intergenic region, 39 bp upIsolation and characterization of cold-sensitive mutant CS1 of P. syringae: To identify gene(s) that are esstream of the start codon (ATG) of recC. The start codons of recB and recD overlapped with the stop codon sential for growth at a very low temperature, we set out to isolate and characterize a cold-sensitive mutant of the "TAA" of recC, and the "TGA" of recB by one and four nucleotides, respectively. The three genes recC, recB, Antarctic psychrotrophic bacterium P. syringae Lz4W that is defective for growth at 4Њ but normal at 22Њ, the optiand recD transcribed together in a single transcript (A. K. Satapathy and M. K. Ray, unpublished results). mum growth temperature of the bacterium. From a library of ‫0051ف‬ transconjugants, generated by random
The observed gene organization (recCBD) of P. syringae Lz4W was similar to that of the Pseudomonads group insertional mutagenesis of Tn5-OT182, 10 putative coldsensitive mutants were initially obtained. On subsequent of species (Stover et al. 2000; Buell et al. 2003; Nelson et. al. 2003) but unlike that of E. coli (Finch et al. 1986 ), analysis, only one of the mutants exhibited a severe coldsensitive phenotype, which was designated as CS1 and where a protease III gene (ptr) occurs between recB and recC in the genome. The downstream region of recD was, chosen for further studies (Figure 1 ). The growth rates of CS1 were compared to that of its isogenic parent R5 however, variable among the Pseudomonas species. For example, two ORFs (orfX and orfY) with homology to at 22Њ and 4Њ in liquid broth by measuring the OD 600 of the cultures. At 22Њ, the R5 and CS1 strains grew with the hypothetical proteins, PA1121 (59% identical) and PA1120 (50% identical) of P. aeruginosa (accession nos. a generation time of 2.0 and 2.1 hr, respectively. At 4Њ, R5 grew with an average generation time of 6.8 hr and E83505 and D83505, respectively) occurred downstream in both P. syringae Lz4W and P. syringae pv. tomato, but reached stationary phase in ‫011ف‬ hr. The growth of the CS1 at 4Њ was, however, severely inhibited ( Figure 1B) . P. aeruginosa itself contained genes for a probable exonuclease (PA4282) and SbcD exonuclease (PA4281) on By Southern hybridization analysis, using a part of the transposase gene (tnp) of Tn5-OT182 as probe, it the complementary strand downstream. The RecD homolog of P. syringae Lz4W is 694 amino was confirmed that CS1 has a single chromosomal integration of the transposon in the genome ( Figure 1C) . acids long and displayed maximum similarity (65-78%) with homologs from other Pseudomonads [P. syringae A segment of DNA flanking the Tn5 was then cloned from CS1 by rescuing it on the plasmid pSS1 ( Figure 1A) pv. tomato (Buell et al. 2003) , P. putida (Nelson et. al. 2003) , and P. aeruginosa (Stover et al. 2000) ] but modand ‫007ف‬ bp DNA sequence flanking the IS50L of the transposon was determined. A BLAST analysis revealed est homology to others: Yersinia pestis (652 aa, 41%; acc. no. NP_404635.1), E. coli (608 aa, 40%), and Photobactethat the sequence had a high degree of homology to the recD gene of E. coli (Finch et al. 1986 ) and several rium profundum, a piezophilic deep sea bacterium (701 aa, 39%) (Bidle and Bartlett 1999) . While most of other bacteria, suggesting that the transposon-disrupted gene in CS1 is most probably a homolog of recD.
the similarity was observed in the C-terminal region containing conserved DNA helicase motifs (Hall and Cloning, sequencing, and analysis of the recD region from P. syringae: For an unambiguous identification of Matson 1999), the N-terminal region ‫002ف(‬ aa) varied considerably among bacteria. Analysis also indicated the disrupted gene in CS1, the full-length recD gene and its upstream and downstream regions were cloned and that the putative RecB and RecC of P. syringae are 1226 and 1149 amino acids long, respectively. These two prosequenced from P. syringae. A total of 11.199 kbp DNA sequence spanning the recD region of P. syringae (Fig- teins are also highly similar to their putative counterparts (54-79% and 63-81% similar, respectively) from ure 1A) was determined (GenBank accession no. AY078390). BLAST analysis of the sequence led to the other Pseudomonad species. Complementation of recD mutations by the cloned identification of genes for three complete ORFs with homology to the RecD, RecB, and RecC proteins, rerecD gene of P. syringae: To confirm that the cold-sensitive phenotype of CS1 is only due to inactivation of the spectively, from several bacteria. The corresponding genes (recD, recB, and recC) belonged to the same oprecD gene and not due to the polar effect of Tn5 insertion on the downstream genes, a genetic trans-compleeron, with the direction of transcription being from recC through recB and recD. A potential hairpin structure mentation analysis was carried out. On introduction of the plasmid pGR5 containing the wild-type recD gene, with a predicted free energy (⌬G) of Ϫ13.2 kCal was located 107 nucleotides downstream of the translational CS1 cells regained the colony-forming ability at 4Њ. The growth profiles of CS1(pGR5) in liquid culture at 22Њ stop codon of the putative recD gene ( Figure 1A ), which might work as a transcription termination signal for the and 4Њ were similar to that of the parental R5 ( Figure 1B) . 
-(A) Targeted disruption of the recD gene by tetracycline cassette (Tc).
(A, a) The plasmids (pDD2 and pDD1) used for disruption of RecD at N-terminal and C-terminal ends, respectively, are shown. The Tc cassette in the Sma I site of an internal fragment from the 5Ј end of recD in pDD2 recombined with the genomic recD to produce the mutant LDD22. Similarly, the Tc cassette in the Eco RV site of the 3Ј end fragment in pDD1 recombined with the genomic recD to generate LDD11. The restriction sites indicated are: Hc, HincII; N, Nco I; RV, Eco RV; and Sm, Sma I. The numbers on genomic recD refer to the nucleotides in the recD reading frame. The locations of helicase motifs on the RecD reading frame are indicated. (A, b) Growth profiles of recDdisrupted mutants (LDD11 and LDD22) and wild-type P. syringae at 4Њ. (B) Southern blot analysis of genomic DNA from LDD22 and LDD11 strains. Lanes 1-4 contain Nco I digests of genomic DNA from the indicated strains. The 32 P-labeled probe was a 0.837-kbp Sma I DNA fragment from the recD of P. syringae. An expected increase in the size of the Nco I fragment from the recD region in different strains is seen.
Although the above result suggested that the recD gene in Figure 2A . The tetracycline cassette in pDD1 and pDD2 was placed immediately after the codons for the on plasmid pGR5 was possibly responsible for restoration of growth of CS1 at 4Њ, the plasmid contained an 576th and 214th amino acids, respectively, which would produce upon translation 82 and 28% of the full-length additional ‫-6.1ف‬kbp DNA from the downstream of the recD gene containing two hypothetical genes (orfX and RecD (henceforth referred to as recD 1-576 and recD ). It is, however, to be noted that the integration of pDD2, orfY). To examine whether complementation of the cold-sensitive phenotype is not due to these hypothetical which occurred by a single crossover into the genome of LDD22 (Figure 2 ), could also lead to the production genes it was necessary to complement the cold-sensitive phenotype with the recD gene alone. For this, the plasof an N-terminally truncated protein of almost fulllength RecD (shorter by ‫17ف‬ amino acids) if expressed mid pGOR2 containing the recD gene without the downstream ORFs was introduced into CS1. The mutant refrom any plasmid-encoded promoter. Such a possibility was thought unlikely due to the lack of Shine-Dalgarno gained the ability to grow at 4Њ, both on an ABM-agar plate ( Figure 3a ) and in liquid broth (data not shown), sequence for translation initiation and a chance inframe fusion with any upstream reading frame of the indicating that the recD gene is solely responsible for restoring the growth at low temperature.
plasmid. The growth profiles of the LDD11 and LDD22 strains For further confirmation of the essential role of the recD gene during growth at low temperature, two more were then examined at low temperature (4Њ). It was observed that LDD11 with recD 1-576 could grow at 4Њ, but recD-disrupted strains of P. syringae were constructed in a wild-type genetic background. This would also rule not LDD22 with recD 1-214 (Figure 2A ). In the CS1 mutant, the transposon was inserted in the 373rd amino out, in principle, any possible role of the parental Rif r allele in cold sensitivity of the CS1 strain. Two recDacid codon, keeping the N-terminal 1-373 amino acids of RecD undisturbed. It, therefore, appears that the disrupted strains, LDD11 and LDD22, were generated by homologous recombination between genomic DNA C-terminal 577-694 amino acids of RecD might not be crucial for growth of P. syringae at 4Њ. It can also be and the suicide plasmids pDD1 and pDD2, respectively (Figure 2A ). The integration of the Tc) in LDD11 and inferred that the Rif r allele of the CS1 strain does not have any role in the cold-sensitive phenotype. LDD22 was confirmed by Southern hybridization (Figure 2B) and PCR amplification analyses, using approComplementation of the recD mutation of E. coli with the P. syringae recD gene: To examine whether the recD priate probes and primers (data not shown). The analyses suggested that LDD22 and LDD11 were generated homolog of P. syringae could complement the RecD function in E. coli, two independent assay methods, the by a single and a double crossover, respectively, as shown Thaler et al. 1989 ) and the T4 2 Ϫ phage multisitive growth of CS1. The complementation was carried out plication assay (Amundsen et al. 2002) were employed.
with the following plasmids: (1) pGOR2, with only the recD gene of P. syringae ; (2) pGL10, a basic vector without insert; (3) The results of the first method showed that when E. coli pGR5, with a 3.8-kbp insert containing recD and its downstream strain MC4100 (recD::Tn10) was transformed with the region; and (4) (Table 3) . Thus, the RecD homolog of P. syringae had with indicated plasmids are shown.
the ability to complement exonuclease deficiency of the recD mutants of E. coli. E. coli recD fails to complement the cold-sensitive pheWestern analyses of the proteins of CS1(pKB65), using a monoclonal antibody (mAb) against E. coli RecD (Fignotype of CS1 : In a reciprocal experiment when the E. coli recD gene was introduced into CS1, the gene could ure 3b). Therefore, the lack of complementation could be due to a functional requirement of RecD, which is not complement the cold-sensitive phenotype of the mutant P. syringae. The CS1 (pKB65) failed to grow at missing in the E. coli protein. The possibilities of improper folding of the E. coli RecD and/or assembly de-4Њ (Figure 3a ). This lack of complementation was not due to the inability of the E. coli recD gene to express fect with RecBC proteins of P. syringae also could not be ruled out in this study. In another experiment, howin the heterologous P. syringae strain, as evidenced by -Sensitivity P. syringae cells to DNA-damaging agents mitomycin C (a) and UV (b). Assays were carried out at 22Њ as described in materials and methods with the coldsensitive strain CS1 and isogenic parent R5. ever, to find out whether E. coli RecD functions at all in P. syringae, we examined the UV sensitivity of CS1 in the presence of E. coli recD (on pKB65) at 22Њ. We did not observe any UV resistance conferred by pKB65 as seen with P. syringae recD on pGR5 (our unpublished observation). Thus, absence of the cognate subunits of RecBCD enzyme, rather than the low temperature per se, might also be responsible for the lack of complementation in P. syringae.
recD mutants of P. syringae are sensitive to DNA-damaging agents and accumulate DNA fragments in the cell: RecD functions as a part of the RecBCD complex or exonuclease V that is involved in homologous recombination and repair of double-strand DNA breakage (DSB) in bacteria (Kuzminov 1999; Kowalczykowski 2000; Cox 2001 ). However, the inactivation of recD in E. coli does not confer sensitivity to DNA-damaging agents as do the mutations in recB and recC genes (Amundsen et al. 1986; Kuzminov 1999) , possibly due to the functioning of the RecBC RecJ-dependent pathway (Lovett 4Њ ( Figure 5 , a and b). These strains on complementation with pGR5 grew well and did not accumulate this DNA in cells at 4Њ. DNA fragments were also not detected in the cells growing at 22Њ. It was also noted that and generation of suppressors in the culture (data not the accumulation of this DNA of chromosomal origin shown). decreases at ‫441ف‬ hr in CS1 cells (Figure 5b ), when
Cell death of recD-inactivated mutants at low temperathe suppressors start growing in the culture (see below).
ture: Parallel monitoring of viable cells in the cultures The cold-sensitive LDD22 also exhibited a similar patof recD-inactivated strains (CS1 and LDD22) was carried out by measuring colony formation ability (Figure 5c ) tern of cold sensitivity, accumulation of DNA fragments, ium iodide in CS1 and LDD22 started increasing after ‫21ف‬ hr of the temperature shift (data not shown).
One striking feature of the data on cell survival at 4Њ the cell size of all these strains at 22Њ was similar, except is that the number of survivors in the culture was large for that of LDD11 and LDD22, which was marginally ‫)%05ف(‬ in most experiments (Figures 5c and 6 ). This bigger (Table 4 ). It appears that a general reduction of is remarkable for the fact that most of the decrease in cell size that is observed in P. syringae at low temperature cell number takes place within 24-36 hr of the shift to does not occur in the cold-sensitive recD mutants (CS1 the low temperature. These nongrowing cells in the and LDD22), which accumulate DNA fragments. A relaliquid culture start growing only after 5-6 days, probably tively larger cell size of the recD-disrupted LDD11 (comdue to accumulation of suppressor mutations. PFGE analysis of these growing cells from a 144-hr postshift We also examined the morphological change associ- R5, or the complemented CS1(pGR5) strains at 4Њ. But pared to the wild type), which was not cold sensitive, in their hosts (Cano et al. 2002) . It is believed that most of the DNA damage generates single-stranded tails of a could not be correlated to any specific phenotype in this study. Remarkably, however, the cells in CS1 and length that prevents loading of RecBCD (Thoms and Wackernagel 1998). These tails are effectively removed LDD22 cultures after 5-6 days at 4Њ, when the suppressor cells start growing, show the reduction in size (data not by single-strand-specific DNases (e.g., exonuclease I, RecJ, sbcCD nuclease, etc.), and the processed tailed ends work shown).
as the entry sites for RecBCD enzyme (Thoms and Wackernagel 1998; Burdett et al. 2001) . In this con-DISCUSSION text, our observation that the recD inactivation of coldadapted P. syringae leads to accumulation of a class of This study was undertaken to identify gene(s) that are essential for growth of the Antarctic P. syringae at short DNA species is significant. Although further studies are needed to know the nature and origin of these 4Њ. The study identifies unequivocally the essentiality of the recD gene for growth at low temperature. The results DNA, we hypothesize that this might be related to a defect in the DNA damage/repair process. This is conalso suggest that recD probably participates in a crucial step of the DNA damage repair process during growth sistent with the data that recD mutants of P. syringae are sensitive to DNA-damaging agents, such as UV and at 4Њ. It is believed that DNA lesions occur in normally growing cells due to oxidative damage caused by the mitomycin C. It is possible that the exposure of P. syringae cells to low temperature causes an increase in the action of hydroxyl radicals and other reactive oxygen species (Keyer et al. 1995) . The primary lesions (nicks) amount of DNA damage, probably due to more reactive oxygen species generated by a slower rate of respiration in DNA turn into DSBs at the replication forks, which are normally repaired by RecBCD-dependent RecA- (Keyer et al. 1995; Smirnova et al. 2001) . Since the CS1 lacks functional recD, the damaged DNA are not mediated homologous recombination. The RecBCDdependent reestablishment of the replication fork plays processed or efficiently repaired, thus resulting in cold sensitivity. At higher temperature (22Њ) another gene a major role in the origin-independent initiation of chromosomal replication and cell viability (Kowalczywith overlapping function might complement the recD deficiency, as exemplified by the temperature-depenkowski 2000 ; Cox 2001; Lovett 2003) . A RecA-independent role for RecBCD was also suggested by suppresdent expression of rad52 and rad55 in the yeast Saccharomyces cerevisiae (Gasior et al. 2001) . In this context, it is sion of chromosomal lesions via degradation of linear DNA at reversed replication forks, which affects cell important to note that recD inactivation leads to a pressure-sensitive phenotype in the piezophilic bacterium, viability (Miranda and Kuzminov 2003) .
Enzymatically, the RecBCD complex processes DNA Ph. profundum (Bidle and Bartlett 1999) . Whether the physical factor such as pressure, like low temperature, breaks for repair by its coordinated ATP-dependent helicase and nuclease activities, in association with the reguleads to DNA damage needs investigation. Three important aspects of our observations need to latory Chi sequence and RecA recombinase (Kuzminov 1999) . Although all the subunits of RecBCD contribute be addressed in our future studies. First, Is the RecD requirement of the Antarctic P. syringae during growth toward activities of the complex, RecD in E. coli does not exhibit any nuclease activity in vitro; it shows only at low temperature a function of the RecBCD complex, or the function of an as yet unknown complex of RecD, ssDNA-dependent ATPase activity (Chen et al. 1998) and 5Ј → 3Ј helicase activity (Dillingham et al. 2003;  or a novel function of the RecD alone? Studies on recB and recC mutants of P. syringae have been hindered so far Taylor and Smith 2003). The essentiality of RecD helicase activity during growth of bacteria is not clear at by our inability to get the mutations by a gene disruption method. We are at present trying to generate condipresent. However, it is interesting to note that the recD mutant, LDD11, has the ability to grow at 4Њ, but contional mutations of these two genes. Simultaneously, we are using a recombinant 6ϫ His-tagged RecD of tains a Tc insertion in recD, which would prevent translation of the C-terminal 576-694 amino acids containing P. syringae to find out its interactive partner proteins by Ni 2ϩ -agarose pull-down assay. A second issue concerns the helicase motifs V and VI of RecD (Figure 2 ). These two conserved motifs were shown earlier to have a role the size class of ‫-52ف‬ to 30-kbp DNA fragments, which is observed in PFGE analysis of the recD mutants at low in communication between the DNA-binding and ATPbinding sites of the helicases for translocation along temperature. Our analysis so far suggests that it is not due to mechanical shearing of DNA during processing DNA (Hall and Matson 1999) . From the present study, it appears that these two motifs might not be important of cells for PFGE. In addition, we noted that, although the major intensity of the DNA fragments centers around for RecD function in P. syringae during growth at low temperature.
the ‫-52ف‬ to 30-kbp region on agarose gels, a DNA smear of lower fluorescence intensity also extends to a larger The exonuclease activity of RecD in vivo, however, is important in cellular physiology as shown by the ability molecular size region in the gels. Third, the suppressors that accumulate in the cultures at 4Њ need investigation, of recJ-encoding exonuclease to functionally complement the recD mutants of E. coli and Salmonella sp. for survival which is likely to shed new light on the recD requirement
